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The main goal of this research was to investigate the possibility of the utilization of carbon residue from 
biomass gasification process with and without chemical activation as a low cost sorbent for iron(II), cop- 
per(II) and nickel(II) ions from an aqueous solution. Commercial activated carbon was used as a reference 
sample. Batch experiments were done to evaluate the influence of pH, initial metal concentration and 
contact time. The optimum pH required for maximum adsorption was found to be 4, 5 and 8, for iron, 
copper and nickel, respectively. According to the results, the removal of metals by carbon residue with 
and without chemical activation was higher than commercial activated carbon. The highest maximum 
experimental sorption capacities (q m , ex p) for iron, copper and nickel by activated carbon residue were 
21,23 and 18 mg g“\ respectively. The experimental equilibrium sorption data were tested for the Lang¬ 
muir, Freundlich and Dubinin-Radushkevich (D-R) equations. Depending on the system the Langmuir 
or Freundlich isotherms have been found to provide the best correlation. The kinetics of iron, copper 
and nickel sorption by different adsorbent materials followed the pseudo-second-order model. Other 
tested kinetic models were the pseudo-first-order and the Elovich models. Weber Morris’s intraparticle 
diffusion model showed that there are two or three different stages for the removal of metals. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Heavy metals are examples of toxic pollutants that are known 
to be released into the environment from many industries such 
as mining, tanneries, painting, metal plating, battery industry and 
from agricultural sources. These metals tend to accumulate in eco¬ 
logical systems causing serious soil and water pollution which can 
also be harmful to human, animals and plants even in low concen¬ 
trations. At high doses, iron can cause rapid pulse rates, congestion 
of blood vessels and hypertension. Copper can cause for example 
nausea, diarrhea, respiratory difficulties, liver and kidney failure. 
Nickel is also a toxic metal and at high concentrations can lead for 
example to skin dermatitis, nausea and cancer of lungs, nose and 
bone [ 1,2 ]. In Table 1 different permissible limits for potable waters 
and industrial effluents for iron, copper and nickel are showed 
[3-6], 
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Numerous techniques have been reported for the removal of 
heavy metals from industrial effluents and wastewaters that often 
involve a combination of different processes to achieve the desired 
water quality. For instance, technologies such as ion exchange [7], 
chemical precipitation [8], membranes (e.g. ultrafiltration, reverse 
osmosis and electrodialysis) [9-11], liquid extraction [12] and flota¬ 
tion [13] are useful for heavy metal removal. These methods are 
often ineffective or involve expensive techniques. A case in point, 
membrane techniques can effectively reduce metal ions to a very 
low level but are less commonly used due to their high operational 
cost. In addition, precipitation is considered the most economical 
method but this technique produces a large amount of precipitate 
sludge that requires further treatment [ 1 ]. 

Adsorption is possible and commonly used method for the 
removal of heavy metals from an aqueous solution due to its high 
efficiency, cost-efficient technique and simple operation. Adsorp¬ 
tion processes using commercial activated carbon are widely used 
to remove pollutants from wastewaters. However, the high cost of 
activated carbon inhibits sometimes its widespread use in waste- 
water treatments and therefore there is a need to develop other 
adsorbents from alternative low-cost raw materials. Over the last 
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Table 1 

Permissible limits of iron, copper and nickel ions for potable waters and industrial effluents [3-6], 


Metal Potable water (mgL -1 ) Industrial effluent discharge (mgL -1 ) 


EU standard USEPA WHO HELCOM (20E/6,1999) WHO Inland surface water 

Fe 0.2 0.3 0.3 - 0.1-1.0 

Cu 2.0 1.3 2.0 <0.5 0.05-1.5 

Ni 0.02 0.1 0.02 <1.0 


few years, a number of low-cost adsorbents produced from waste 
biomass (e.g. olive stone waste, saw dust, peanut hulls) [14-17], 
industrial waste (e.g. fly ash, waste sludge, red mud) [18-20] and 
mineral waste (e.g. coal, kaolinite, bentonite) [21-23] have been 
reported for the removal of metallic pollutants from water and 
wastewater [1,24], 

Climate change is one of the most serious environmental prob¬ 
lems in the world today. Therefore energy generation from biomass 
has become more common and popular in recent years [25], 
Biomass gasification is used for generating energy (heat and power) 
from different types of organic materials and it is one of the 
most effective energy conversion technologies for the utilization 
of biomass [26], Syngas produced from biomass gasification can 
be used directly as fuel for an internal combustion engine or as a 
chemical feedstock to produce liquid fuels by the Fischer-Tropsch 
method [27], It can be assumed that the biomass gasification will 
only increase in the future and therefore the amount of solid 
residues formed in the gasification process will also increase [25]. 
According to the European strategy on waste materials [28], all 
kinds of waste must be utilized primarily as material (reuse and 
recycling), secondary as energy and if neither of those utilization 
methods are possible, they can be disposed via ecologically ben¬ 
eficial methods. The different options available for dealing with 
waste can be described by a waste hierarchy which is derived from 
five categories; i.e. prevention, reuse and preparation for reuse, 
recycling, recovery (e.g. as energy) and disposal. 

The aim of this study was to utilize a carbon residue, which 
is a by-product from biomass gasification process, as a low-cost 
adsorbent material for water purification. Carbon residue activated 
chemically by zinc chloride (ZnCh) was also investigated and com¬ 
mercial powdered activated carbon was used as reference material. 
The studied metals were iron, copper and nickel. Batch experiments 
were done to evaluate the influence of pH, initial metal concen¬ 
tration and contact time. In addition, the kinetics of iron, copper 
and nickel were studied by the pseudo-first-order, the pseudo- 
second-order and the Elovich kinetic models while the adsorption 
mechanism was evaluated via the Weber Morris intraparticle diffu¬ 
sion model. The Langmuir, Freundlich and Dubinin-Radushkevich 
(D-R) isotherm models were also studied. 

2. Materials and methods 

2.1. Adsorbents 

Carbon residue was obtained from a biomass gasification pilot- 
plant which involved a 150kW downdraft gasifier operating at a 
temperature of 1000°C. Wood chips (pine and spruce) were used 
as the raw material for fuel at a rate of 50kgh _1 . The produced 
gas was washed by a wet scrubber and the carbon residue was 
collected from a water container. There was no separate carbon 
residue collector in the gasifier. 

Furthermore an activated carbon residue performed by zinc 
chloride using a wet impregnation method was also used as an 
adsorbent material. Zinc chloride is one of the commonly used acti¬ 
vating agent and also it is known to be relatively cheap chemical 
[29]. Powdered commercially activated carbon (pro analysis qual¬ 
ity) provided by Merck was used as a reference sample. Before use, 





Fig. 1. Photograph of the raw material and adsorbent materials employed in this 
study, (a) Carbon residue (raw material) from the biomass gasification process, (b) 
carbon residue, (c) activated carbon residue and (d) commercial activated carbon. 
Adsorbent materials (b-d) used in the laboratory experiments were initially dried 
at 110°C, crushed and sieved (<150 p-m). 


Table 2 

Physical composition of adsorbents [29], 


Parameter 

CR 

ACR 

AC 

Specific surface area/m 2 g _1 

14.4 

259 

603 

Pore size (average)/nm 

8.38 

3.94 

3.00 

Pore volume (total)/cm 3 g _1 

0.03 

0.26 

0.45 


CR: carbon residue, ACR: activated carbon residue, 
AC: commercial activated carbon 


all adsorbents were dried overnight at 110°C, crushed and sieved 
to obtain a particle diameter less than 150 p,m and to ensure a uni¬ 
form product quality. In Fig. 1 an image of the raw material and 
adsorbent materials used in the laboratory experiments are shown. 
In Table 2 the physical characteristics of three adsorbent materials 
are presented. 

2.2. Batch adsorption experiments 

Adsorption of iron, copper and nickel onto different types of 
adsorbents was tested by using model metal solutions prepared 
from iron sulphate (FeS04*7H20), copper sulphate (CuS04’5H20) 
and nickel sulphate (NiS0 4 *6H 2 0). Single metal model stock solu¬ 
tions concentrations of 5000mgL _1 were prepared by adding a 
metal salt to Milli-Q water and diluted further to obtain the lower 
concentration solution. All reagents used were of analytical reagent 
grade and purchased form Merck. 

In the adsorption experiments, effect of adsorbent variables 
(pH, initial metal ion concentration and adsorption time) on the 
adsorption efficiency of iron, copper and nickel ions over carbon 
residue, activated carbon residue and commercial activated carbon 
were studied. To determine the optimum initial pH, batch equi¬ 
librium studies were carried at pH values of 4, 6 and 8 by using 
an initial concentration of 75mgL _1 metal solution. pH optimiza¬ 
tion experiments were also performed without any adsorbent (zero 
experiment) to determine the removal of heavy metal by chemi¬ 
cal precipitation. The initial optimum pH value for each metal was 
selected and adsorption experiments were performed in differ¬ 
ent initial metal concentrations (25-125 mg L -1 ) in optimum pH. 
pH and concentration optimization experiments were done using 
polyethylene flasks of 250 mL capacity. Prior to each experiment, 
the metal solution (25 mL) and adsorbent material (0.125 g) were 
added to each flask and mixed together. The solution’s pH was 
then adjusted by adding 0.1 M HC1 and/or 0.1 M NaOH. Since carbon 
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residue is a strongly alkaline material and it has high buffer capac¬ 
ity, pH adjustment was done after adding the adsorbent to the metal 
solution to ensure the correct pH during adsorption experiment. 
Bottles were then shaken by a laboratory shaker using a recipro¬ 
cating motion at a room temperature for 24 h. pH values were also 
measured after 24 h of adsorption experiments. 

When pH and concentration optimizations were done, effect of 
contact time was studied in optimum conditions. Kinetic studies 
were performed in a 1 L reactor vessel equipped with a magnetic 
stirrer with an agitation speed of lOOOrpm. The volume of metal 
solution was 500 mL and the adsorbent dose 2.5 g. Samples (25 mL) 
were taken after 1 min, 2 min, 5 min, 30 min, 2 h, 4 h and 24 h reac¬ 
tion time. All adsorption experiments were performed at room 
temperature. All samples including the initial samples were filtered 
through 0.45 p,m filter paper (Sartorius stedim biotech) and then 
acidified with strong nitric acid. 

Heavy metals were determined in the filtrate solution by an 
atomic absorption spectrometer (AAS) (PerkinElmer AAnalyst 200) 
whose absorption wavelengths were found to be Fe (248.3 nm), Cu 
(324.7 nm) and Ni (232.0 nm), respectively. As an exception heavy 
metal concentrations from pH optimization studies were analyzed 
by an inductively coupled plasma optical atomic emission spec¬ 
trometer (ICP-OES) (Thermo) method. The percentage removal of 
heavy metal (%) from the solution was calculated by the equation 
as follows 

Metal removal = C °r Ce x 100% (1) 

Co 

where Co and C e are the initial and equilibrium concentrations in 
solution (mgL -1 ). The adsorption capacity q e (mgg -1 ) after equi¬ 
librium was calculated by using the following equation 


(2) 


where V is the volume of the solution (L) and m is the mass of the 
adsorbent (g) [2,30], 


2.3. Effect of pH 

The pH is one of the most important parameters controlling the 
uptake of metal ions from an aqueous solution. pH determines the 
surface charge of the adsorbent and the degree of ionization and 
speciation of the adsorbate [18], The pH of the solution controls 
the electrostatic interactions between the adsorbent and the adsor¬ 
bate [31], It is known that generally the percent removal of the 
heavy metal ions increases with pH. At low pH, the cations compete 
with the H + ions in the solution for the sorption sites and there¬ 
fore adsorption declines. In contrast as pH is increased, competition 
between proton and metal cation decreases which means that there 
are more negative groups available for the binding of metal ions 
which results greater metal uptake. On the other hand, at higher 
pH metal cations start to form hydroxide complexes or precipitate 
as their hydroxides which decreases the adsorption of metal ions 
[31-34], In aqueous solutions metal cations hydrolyze according to 
the generalized expression for divalent metals as presented in Eq. 
( 3 ). 

M 2 +(aq.) + nH 2 0 - M(OH) 2-n + nH+ (3) 

The distribution of various hydroxo complexes depends on 
the pH of the solution and the corresponding stability constants. 
Hydroxyl-metal complexes are known to adsorb with a higher 
affinity than the completely hydrated metals [18], 


2.4. Adsorption isotherm studies 


Adsorption isotherms are generally used for the design of an 
adsorption system since they represent the amount of species 
adsorbed versus the amount of species left in the solution phase at 
equilibrium. The Langmuir [35] and Freundlich [36] equations are 
the most frequently used for describing the adsorption isotherm. 
The Langmuir isotherm assumes that adsorption occurs at specific 
homogeneous sites within the adsorbent without any interactions 
between the adsorbed substances. The linear form of the Langmuir 
isotherm model is given by a Eq. (4). 

111 

— = -L - us*- (4) 

Qe qm qmbCe 

where q e (mgg -1 ) is the amount of metal ions adsorbed per unit 
mass of adsorbent. C e (mgL -1 ) is the solution concentration at 
equilibrium. q m (mgg -1 ) and b (Lmg -1 ) is the Langmuir constants 
related to the capacity and energy of adsorption, respectively [30], 
In addition of R 2 and q m values, the applicability of the Langmuir 
isotherm can be articulated by the equilibrium parameter, Rl 


Rl = 


1 

i+i>Qi 


( 5 ) 


where Co (mg L -1 ) is the initial concentration of the metal ion solu¬ 
tion [37], Langmuir isotherm considers in terms of surface coverage 
9 which is defined as the fraction of the adsorption sites to which a 
solute molecule has become attached [38], Surface coverage 9 can 
be obtained by a Eq. (6), 


9 = 


bC e 

l+ltQ 


(6) 


The Freundlich model is empirical in nature and assumes that 
the uptake of ions occurs on a heterogeneous surface. The linear 
form of the Freundlich isotherm model is given by Eq. (7), 


log q e = log K f + - log C e 


( 7 ) 


where (Lg -1 ) and n (dimensionless) are Freundlich constants 
related to the adsorption capacity and intensity of adsorption, 
respectively [30], 

In addition to Langmuir and Freundlich isotherm mod¬ 
els, Dubinin-Radushkevich (D-R) isotherm model [39,40] 
is also widely used to describe adsorption process. The 
Dubinin-Radushkevich isotherm does not assume a homoge¬ 
neous surface or constant adsorption potential. The linear form 
of the D-R isotherm model can be represented by the following 
equation: 


\nq e = In q m - /fe 2 


(8) 


where q e (mgg -1 ) is the amount of metal ions adsorbed per unit 
mass of adsorbent, q m (mgg -1 ) is the theoretical saturation capac¬ 
ity, (mol 2 J -2 ) is a constant related to the mean free energy of 
adsorption per mole of the metal and e is the Polanyi potential, 
which is described in Eq. (9): 


( 9 ) 


where 0 mol -1 K -1 ) is the gas constant, T (K) is the absolute tem¬ 
perature and C e (mgL -1 ). By plotting In q e vs. e 2 it is possible to 
generate the value of q m (mg g -1 ) from the intercept and the value 
of f} from the slope. The mean free energy E (kj mol -1 ) describes free 
energy change when one mole of ion is transferred from the solu¬ 
tion to the surface of the sorbent. The mean free energy E (kj mol -1 ) 
can be calculated from the following equation: 




(10) 
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2.5. Adsorption kinetic studies 


In order to analyze the adsorption kinetics, pseudo-first and 
pseudo-second-order kinetic models were applied to experimental 
data [30,41,42], The first order rate equation of Lagergren is one of 
the most widely used for liquid adsorption studies and is expressed 
by the equation: 

log(q e -q t ) = logq e -t 11 ) 

where q e and q t are the amounts of metals adsorbed (mgg -1 ) at 
equilibrium (the point at 1440 min) and at time t (min), respec¬ 
tively. kf is the pseudo-first-order rate constant (min -1 ) whilst the 
linear form of pseudo-second-order equation is expressed by: 


— - — —t 

Qt k s ql qe 


(12) 


where k s is the pseudo-second-order rate equilibrium constant 
(gmg -1 min -1 ). 

The Elovich equation is initially proposed by Roginsky and Zel- 
dowitsch [40] and has been commonly used in chemisorption 
processes. Elovich equation is given by the following linearized 
expression: 

q= 1 ln(tVJ)+1 lnt (13) 


where (mgg -1 min -1 ) is the initial adsorption rate and f) (gmg -1 ) 
is the desorption constant [33,40], 

Kinetic data was analyzed using the intraparticle diffusion 
model on the theory proposed by Weber and Morris [43], The 
amount of iron, copper and nickel adsorbed (q t ) at a particular 
point in time (t) was plotted against the square root of time (t I/2 ), 
according to Eq. (14). 

qt = k id t i ! 2 + C (14) 

where ka is the intraparticle diffusion on rate determining step 
(mgg -1 min -0 - 5 ) and C is the intercept related to the thickness of 
the boundary layer. 


2.6. Desorption experiments 


It is possible to desorb the sorbed metal from the spent 
adsorbent using different types of eluent agents such as dis¬ 
tilled water, HC1, HN0 3 , H 2 S0 4 , NaOH, CH 3 COOH or EDTA solution 
[14,16,44-46], In this work HC1 was selected as eluent for metal 
desorption because it is often the most efficient eluent in many 
studies [14,16,45,46], Before desorption experiment metal loaded 
samples were dried at 100 °C for 1 h. After that samples (0.125 g) 
were contacted with 25 mL of 0.1 M HC1 and shaken with a magnetic 
stirrer at 250 rpm for 2 h at the room temperature. The desorbed 
metal ions were determined in the filtrate solution by AAS. Desorp¬ 
tion efficiency can be calculated from the following equation: 


Desorption efficiency = 


amount of metal ions desorbed 
amount of metal ions adsorbed 


100% 

(15) 


3. Results and discussion 

3.1. Effect of pH 

Speciation diagrams were drawn for iron, copper and nickel 
for a concentration of 75mgL -1 by using the MINEQL+software 
which is a chemical equilibrium modeling system [47], As seen in 
Fig. 2a and b, Fe(II) ions hydrolyze to produce an array of mono¬ 
nuclear species, FeOH + to Fe(OH) 3 - , in pH values between 7 and 14. 


Precipitation of an insoluble ferrous hydroxide Fe(OH)2 and mag¬ 
netite (Fe 3 0 4 ) occurs before any appreciable hydrolysis products 
are formed in the solution [48], Ferrous ion can also be oxidized 
by air to ferric ions. Fe 3+ ions hydrolyzes much more readily than 
Fe 2+ ions by forming species like FeOH 2+ and Fe(OH) 2 + in acidic 
solutions. In neutral and basic conditions Fe(OH) 3 and Fe(0H) 4 - 
start to appear. The most insoluble hydroxide of ferric ion (III) is 
a-FeO(OH), but in the presence of ferrous ions (II) the stable phase 
is magnetite (Fe 3 0 4 ) [48], 

Results from the pH optimization studies (Fig. 3a) showed that 
at pH values 6 and 8 iron removal by precipitation is notable, over 
90%. At a pH value of 4, iron removal by precipitation does not 
occur. To model the adsorption, authors selected pH 4 as the initial 
value for iron. At pH 4, the removal efficiencies for iron removal by 
carbon residue, activated carbon residue and commercial activated 
carbon were 100, 94 and 89%, respectively. To see if the pH values 
have remained constant during the batch experiment, the final pH 
values were also measured after 24 h of sorption. The final pH val¬ 
ues for carbon residue, activated carbon residue and commercial 
activated carbon, after 24 h of sorption for iron removal, were 6.4, 
3.2 and 3.0, respectively. Since carbon residue is clearly an alkaline 
material (pH~9) it increases the solution’s pH and because iron 
starts to precipitate after pH 4, it can be assumed that in the case 
of carbon residue, removal of iron is also based on precipitation 
in addition to the adsorption process, described in Eq. (3). Overall, 
from a utilization point of view it is insignificant how metal removal 
occurs, whether the mechanism is by adsorption or precipitation 
for example. 

In Fig. 2c aqueous hydrolysis products for copper are pre¬ 
sented by using M1NEQL + software. Cu 2+ hydrolyzes only slightly 
at moderate concentrations before precipitation occurs. Cu 2+ and 
its hydroxo species Cu 2 (OH) 2 2+ and Cu(OH) + are predominating 
species up to pH ~9. Hydroxo species Cu(OH) 2 and Cu(OH 3 ) - are 
also formed above pH —7. In very alkaline conditions Cu(OH) 4 2- 
also starts to form whilst the most insoluble phase of Cu 2+ is CuO 
[32,48,49], 

Results from pH optimizations experiments showed that copper 
does not precipitate at pH 4. The removal efficiency for copper by 
precipitation is about 10% at pH 6 whereas at pH 8 copper removal 
is based solely on the precipitation process. To investigate adsorp¬ 
tion capacity the authors decided to select pH 5 as the initial value 
for copper. Rozaini et al. [34] also selected pH 5 for the optimum pH 
for Cu(II) removal, because Cu(OH) 2 (s) are the dominant species 
at pH greater than 6. When pH optimization experiments were 
performed at the initial pH value 4, the final pH values for carbon 
residue, activated carbon residue and commercial activated carbon 
were 5.1,5.4 and 5.2, respectively. Therefore it can be assumed that 
the removal of copper by different adsorbent materials is based on 
the precipitation process in addition to adsorption also at the ini¬ 
tial pH 5. As seen in Fig. 3b the removal efficiencies for copper by 
carbon residue, activated carbon residue and commercial activated 
carbon were 68,100 and 25%, respectively at pH 5. 

As seen in Fig. 2d depending on the pH of the system, nickel(II) 
can exist as Ni 2+ , Ni(OH) + , Ni(OH) 2 and Ni(OH) 3 - . At higher pH 
values, especially greater than 7.5, the amount of sorption sharply 
decreases due to the formation of Ni(OH) 2 (s), which tends to pre¬ 
cipitate at higher pH values [48-50], 

Ewecharoen et al. [51 ] noticed that at pH higher than 7.7 nickel 
starts to precipitate due to the formation of Ni(OH) 2 . On the other 
hand Rozaini et al. [34] and Hasar [52] noticed that precipitate 
already starts when the pH value exceeds 5. The authors selected 
pH 8 as the optimum initial pH value for nickel. Results show that 
at initial pH 8 the removal efficiencies for nickel by carbon residue, 
activated carbon residue and commercial activated carbon were 46, 
86 and 28%, respectively (Fig. 3c). Nickel removal by precipitation 
is about 10% at initial pH 8. The final pH values after 24 h batch 
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Fig. 2. (a) Fe(II), (b) Fe(III), (c) Cu(II) and (d) Ni(II) soluble hydrolysis products presented as total concentration as a function of pH in liquid 
75 mg It 1 . 


adsorption experiments were 8.0, 6.9 and 7.3 for carbon residue, 
activated carbon residue and commercial activated carbon, respec¬ 
tively. 

3.2. Effect of initial metal concentration 

Experimental results for the removal of iron, copper and nickel 
ions on the different types of adsorbents in the metal concentration 
range of 25-125mgL -1 at the optimum initial pH for each metal 
are shown in Fig. 4. 

Results show that in the case of copper and nickel removal 
by carbon residue, sorption capacity q e initially rises sharply, 
indicating that specific adsorption sites are available for adsorp¬ 
tion of the metal ions. At higher initial metal concentrations 
the adsorbent becomes saturated and no more sites are avail¬ 
able for further sorption. For the commercial activated carbon, 
the same phenomenon deals with all the studied metals. Acti¬ 
vated carbon residue displayed high removal efficiency (100%) 
toward copper for the concentration range 25-125 mg L _1 and iron 
and nickel removal was also very high. The maximum sorption 
capacities (q m ,exp) for iron, copper and nickel by activated car¬ 
bon residue were 20.5, 23.1 and 18.2mgg _1 , respectively. Carbon 
residue displayed a 100% removal efficiency toward iron for the 
concentration range 25-125 mg L _1 and the removal efficiency was 
better than that of the commercial activated carbon for all metals. 


Corresponding values without activation were (Fe(II): 24.1, Cu(II): 
11.1 and Ni: 5.6mgg _1 ). The maximum sorption capacity of com¬ 
mercial activated carbon for iron, copper and nickel were 13.9, 5.1 
and 2.9 mgg -1 , respectively. The optimum initial metal concentra¬ 
tions for carbon residue, activated carbon residue and commercial 
activated carbon were selected: 125,25 and 25 mg L -1 for iron, 25, 
100, 25mgL -1 for copper and 25, 125 and 25mgL- 1 for nickel, 
respectively. In all concentration optimization experiments metal 
precipitation cannot be totally neglected. 

Both activated carbon residue and carbon residue turned 
out to be better adsorbent materials than commercial activated 
carbon. This might be due to carbon residue and activated carbon 
residue possessing different kinds of components (nutrients and 
heavy metals), which makes their surface a better adsorbent 
material. For example, carbon residue includes a notable amount 
of calcium (42.3 g kg -1 ). Also carbon residue includes potassium 
(2.3 g kg -1 ), magnesium (3.2 g kg -1 ), sodium (71 mg kg -1 ), copper 
(<10.1 mgkg -1 ) and zinc (66.1 mgkg -1 ) [53], Carbon residues 
from the gasification process have typically lower specific surface 
area compared with commercial activated carbon but its carbon 
content is usually high [29], Chemical activation also can increase 
the surface area and pore volume of adsorbent [54], As can be seen 
in Table 2 specific surface area, pore size and volume are bigger 
for activated carbon residue than non-activated carbon residue. 
This can be explained by the fact that cavities are also formed in 
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Fig. 3. Effect of initial pH on the adsorption of (a) iron, (b) copper and (c) nickel onto different types of adsorbents. Dashed lines corresponds to the equality of initial and 
final pH. Experiments were also used without adsorbent (x) to determine studied cations removal by precipitation. 


the activation step due to the evaporation of zinc chloride which 
increases the specific surface area [55]. 

Adsorption potential of carbon residue with and without chem¬ 
ical activation as a low cost adsorbent from the present study was 
compared with other adsorbents reported in other studies (Table 3). 
It is seen that studied adsorbents shows comparable adsorption 
capacity for iron, copper and nickel removal. 


3.3. Adsorption isotherms 

The constants of Langmuir, Freundlich and 
Dubinin-Raduschkevich (D-R) isotherm are obtained from 
the linear plots of l/q e versus J/C e , logq e versus logC e and lnq e 
versus e 2 , respectively (Table 4). We have not presented Lang¬ 
muir, Freundlich and D-R constants for the removal of iron by 
carbon residue and copper by activated carbon residue since 
the 100% removal efficiency for the whole concentration range 
25-125 mgL -1 (see Fig. 4a and b). 


The correlation coefficients, values of R 2 are regarded as a mea¬ 
sure of the goodness-of-fit for experimental data (by the isotherm’s 
models). According to these values sorption of studied metals by 
activated carbon residue fitted better to Langmuir than Freund¬ 
lich and D-R isotherm models. This was also the case in the 
removal of copper and nickel by commercial activated carbon 
whilst Freundlich isotherm gave better R 2 value than Langmuir 
and D-R models in the case of iron removal. In the case of car¬ 
bon residue Freundlich model gives slightly better values of R 2 
than Langmuir and D-R models. The Freundlich parameter 1/n 
is between 0.1 and 1 indicating that the sorption is favorable 
[66], 

It is seen from Table 4 that experimentally obtained values of 
qm.exp are comparable to the maximum sorption obtained from the 
Langmuir adsorption isotherm (q m ). This suggests the monolayer 
coverage of metal ions onto different types of adsorbents. In the 
case of nickel removal by activated carbon the maximum sorption 
capacity (q m ) is found to be 62.9mgg _1 which is higher than the 
experimental value (q m ,exp) 18.2 mg g -1 . This may be a consequence 
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of the fact that nickel removal is very high (~71-76%) at whole 
concentration range 25-125 mgL -1 and therefore maximum metal 
uptake could not be reached in the experiments (Fig. 4c). Langmuir 
parameter R L indicates the feasibility of the adsorption process: 
the adsorption process is unfavorable if R L > 1, linear when R L = 1, 
favorable in the range 0 < R L < 1 or irreversible (Rl = 0). Based on the 
results, Rl values lie between 0 and 1 for studied metals suggesting 
that the Langmuir model is favorable for all adsorbents (Table 5). 
Furthermore, higher R L values at lower metal concentrations show 
that the adsorption is more favorable at lower metal concentra¬ 
tions [37,66,67], Surface coverages (0) are also presented in the 
Table 5. 

D-R parameter, the mean free energy £ (kjmol -1 ), gives 
idea about the type of adsorption mechanism as chemical ion- 
exchange or physical adsorption. The magnitude of £ between 8 
and 16kjmol -1 corresponds to a chemical ion-exchange process. 
If the £ is less than 8 kj mol -1 , the adsorption is physical in nature 
[68], Results (Table 4) show that £ values are lower than 8 kj mol -1 
in all studied adsorbate-adsorbent systems. This indicates that the 
sorption process may be a physical in nature. 


3.4. Effect of contact time and kinetic modeling 

The adsorption of metals (Fe, Cu and Ni) on three different 
adsorbent materials was studied as a function of adsorption time 
(1 min-24h) with an initial optimum pH and metal concentra¬ 
tions. Corresponding results are showed in Fig. 5. In all cases the rate 
of percent metal removal is higher in the beginning of adsorption 
experiment due to a larger surface area of the adsorbent being avail¬ 
able for the adsorption of metals [33], The activated carbon residue 
is the best adsorbent for all the metals. The removal efficiency of 
iron and copper ions by that increases with time and attains sat¬ 
uration in about 120 min. For nickel, the removal rate is very fast. 
The best removal efficiency is achieved in about 1 min but after 
that the removal efficiency starts to decrease gradually. This can be 
explained by a decrease in the initial pH value of 8.1 to a pH value 
of 7.1 (after 24 h reaction time). Therefore it is possible that at a 
higher pH value nickel removal is based on precipitation, in addi¬ 
tion to adsorption causing better removal efficiency toward nickel. 
The carbon residue shows also good removal efficiency especially 
toward copper and nickel. In the case of carbon residue maximum 
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Table 3 

Comparison of maximum sorption capacities for copper and nickel (mgg -1 ). 


Metal 

Adsorbent 

Adsorption capacity q(mgg-') 

References 

Iron 


Cow bone charcoal b 

31.4 

[56] 


Commercial activated carbon b 

31.0 

[57] 


Carbon residue from biogasification process' 1 

24.1 

This study 


Chemically (ZnCl 2 ) activated carbon residue- 1 

20.5 

This study 


Commercial activated carbon (powered)- 1 

13.9 

This study 


Hazelnut hull b 

13.6 

[58] 

Copper 


Granular biomass 1 

55.0 

[59] 


Cow bone charcoal b 

35.4 

[56] 


Chemically (ZnCl 2 ) activated carbon residue 1 

23.1 

This study 


Activated carbon produced from pomegranate peel b 

18.1-22.0 

[33] 


Coal fly ash pellets' 1 

20.9 

[60] 


Red mud b 

19.7 

[61] 


Na-Bentonite b 

17.9 

[23] 


Carbon residue from biogasification process 1 

10.3 

This study 


H 3 P0 4 -activated rubber wood sawdust b 

5.7 

[62] 


Commercial activated carbon (powered) 1 

5.1 

This study 


Bagasse fly ash b 

2.3 

[63] 


Olive stone waste b 

1.9 

[14] 

Nickel 


Irradiation-grafted activated carbon b 

55.7 

[51] 


Cow bone charcoal 1 " 

32.5 

[56] 


Activated carbon prepared from almond husk b 

30.8-37.2 

[52] 


Granular biomass 1 

26.0 

[59] 


Chemically (ZnCl 2 ) activated carbon residue 1 

18.2 

This study 


Activated carbon from Hevea brasiliensis h 

17.2 

[64] 


Coir pith waste b 

16.0 

[65] 


Na-bentonite b 

14.0 

[23] 


Red mud b 

11.0 

[61] 


Carbon residue from biogasification process 1 

5.6 

This study 


Commercial activated carbon (powered) 1 

2.9 

This study 


Olive stone waste b 

2.1 

[14] 


1 Experimental value q m , exp . 
b Langmuir parameter q m . 


uptake is not achieved during adsorption experiment (24 h). The 
same trend is in the case of removal iron and copper by activated 
carbon. Especially in the case of carbon residue this phenomena can 
be explained by the fact that carbon residue as an alkaline material 
(pH~ 9) increases the solution’s pH and metal starts to precipitate 
in addition of adsorption increasing total removal efficiency during 
adsorption experiment. 

Results showed that the correlation coefficients for the pseudo- 
first-order and the Elovich kinetic models were less than 0.99. In 
addition, experimental uptake values (<J e ( e x P )) were not reasonable 
fit in regard to the calculated values (<J e (cai))- Therefore pseudo- 
second-order kinetic model was selected to be the best-fit model 
and only results from pseudo-second-order kinetics studies are 
presented (Table 6 and Fig. 6). 


In all cases the experimental q e (ex P ) correspond to calculated 
<Je(cai) values. Furthermore, linear regression values (R 2 ) are higher 
than 0.99 indicating that the kinetics of sorption can be described 
well by the pseudo-second-order equation. In the case of nickel 
removal by activated carbon residue the calculated rate constant is 
negative and is not included in Table 6. The negative rate constant 
can be explained by the fact that the maximal nickel removal effi¬ 
ciency was achieved in 1 min but then starts to decrease with time 
as presented in Fig. 5c. In the case of copper removal by activated 
carbon residue we do not have a result for the copper removal effi¬ 
ciency after 24 h so we have used the result from concentration 
optimization experiments after 24 h instead. 

Comparison of removal efficiencies (%) and experimental uptake 
values (mgg -1 ) from concentration optimization experiments 


Table 4 

Constants of Langmuir, Freundlich and Dubinin-Raduschkevich isotherms. 


Adsorbent Adsorbate 


Langmuir isotherm parameters 


Freundlich isotherm parameters D-R isotherm parameters 


).9439 3.71 


J.9797 0.63 

J.9517 4.92 

).8406 2.39 

).9118 0.93 


0.3544 

0.4547 


CR: carbon residue, ACR: activated carbon residue, AC 


commercial activated carbon. 


R 2 


0.8120 

0.6916 

0.8871 

0.7895 

0.8412 

0.7788 

0.8065 













20 


H. Runtti etaL/Journal of Water Process Engineering 4 (2014) 12-24 


Table 5 

R l values and surface coverages (6) for the different adsorbent types at different concentrations of metal ions. 


Adsorbent Co(mgL _1 ) 


CR 25 

50 
75 
100 
125 

ACR 25 

50 
75 
100 
125 

AC 25 

50 
75 
100 
125 


Fe(II) 


0.1004 

0.0505 

0.0340 

0.0271 

0.0226 

0.0526 

0.0258 

0.0172 

0.0137 

0.0114 


Cu(II) 


0.0999 

0.0534 

0.0357 

0.0256 

0.0220 


0.1491 

0.0714 

0.0468 

0.0354 

0.0295 


CR: carbon residue, ACR: activated carbon residue, AC: commercial activated carbon. 


Ni(II) 


0.3452 

0.2072 

0.1451 

0.1119 

0.0922 

0.8039 

0.6702 

0.4947 

0.4413 

0.3228 

0.1912 

0.1331 

0.1022 

0.0841 


Fe(II) 


0.22 

0.47 

0.71 

0.82 

0.86 

0.39 

0.94 

0.96 

0.97 


Cu(ll) 

0.44 

0.82 

0.91 

0.95 

0.96 


0.61 

0.93 

0.95 

0.96 


Ni(II) 


0.45 

0.71 

0.80 

0.85 

0.88 

0.06 

0.12 

0.18 

0.20 

0.24 

0.57 

0.77 

0.84 

0.91 





Time (min) 


Fig. 5. Effect of contact tit 
for each metal. 


i the removal efficiency of (a) iron, (b) copper and (c) nickel onto different types of adsorbents at optimum initial pH and metal concentrations 
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Table 6 

Removal efficiencies and pseudo-second-order kinetic model parameters for different adsorbents in iron, copper and nickel experiments. 


Adsorbent Metal InitialpH Co(mgL -1 ) Removal (24h) % <J e (exp) (mgg -1 ) 


CR 


Fe 4 125 54.1 

Cu 5 25 91.4 

Ni 8 25 67.2 


ACR 


Fe 

Cu 

Ni 


25 97.9 

100 99.7 

125 69.4 


AC 


25 95.4 

25 65.2 

25 41.8 


CR: carbon residue, ACR: activated carbon residue, AC: commercial activated carbon. 

Where q e is the amount of iron, copper or nickel adsorbed on adsorbent (mgg 1 ) at equilibrium; k s is the rate 
while R 2 is the linear correlation coefficient. Number of points was 7. 
a The last experimental result (the result for 24 h) is from concentration optimization experiments. 


Qe (cai) (mgg- 1 ) k s (g mg- 1 min" 1 ) R 2 

16.9 0.0016 0.9955 

4.5 0.0175 0.9996 

3.2 0.0119 0.9965 

5.6 0.0772 0.9999 

20.2 0.0236 0.9999 

15.3 - 0.9998 

5.5 0.0082 0.9990 

3.2 0.0231 0.9989 

2.1 0.0677 0.9997 


constant for pseudo-second-order kinetics (gmg 1 min -1 ) 





the optimum initial pH and metal concentration. 


(Fig. 4) and kinetic studies (Fig. 5 and Table 6) at the corresponding 
conditions, shows that values are quite similar. Small differences in 
values can be explained by variances in pH levels during the exper¬ 
iment. The biggest difference between these values is in the case of 


iron removal by carbon residue. Corresponding maximum exper¬ 
imental uptake values are 24.1 mgg -1 and 16.6mgg -1 from the 
concentration optimization experiment and from kinetic studies, 
respectively. The difference can be explained due to a lower pH of 
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t m (min 1 ' 2 ) 


Fig. 7. Weber and Morris intraparticle diffusion model plots of iron adsorption on 
carbon residue, activated carbon residue and commercial activated carbon. 

the solution during kinetic studies than during the concentration 
optimization experiment. The last pH adjustment (pH 4) was done 
after 32 min reaction time during kinetic studies and therefore, the 
pH value might have been lower during kinetic studies than during 
concentration optimization experiments. So it can be assumed that 
iron removal is based more on adsorption in the case of kinetics 
studies than for concentration optimization studies. However, iron 
removal by precipitation cannot be totally neglected even in kinetic 
studies. 

3.5. Weber and Morris intraparticle diffusion model 

If the adsorption mechanism only follows the intraparticle dif¬ 
fusion process, a plot of qt versus t 1 ! 2 should be a straight line from 
the origin. If the data exhibits multi-linear plots, then the process 
is governed by two or more steps. As can be seen in Fig. 7, the data 
of iron sorption on all the adsorbents exhibits multi-linear plots 
(two or three plots) and plots do not pass through the origin. Also 
in the case of copper removal by all adsorbents and nickel removal 
by carbon residue the same phenomena was observed (not shown 
here). The first stage can be attributed to the instantaneous or exter¬ 
nal surface adsorption, for example the diffusion of the metal ions 
through the solution to the external surface of the adsorbent. The 
second stage can be attributed to the slow diffusion of metal ions 
from the surface sites into inner pores, where intra-particle diffu¬ 
sion can be assumed as a rate-controlling step. In the third stage 
intra-particle diffusion starts to slow down due to low metal ion 
concentrations left in the solution [30,33,69-71], In the case of 
nickel removal by activated carbon residue and commercial acti¬ 
vated carbon, the authors not applied the intraparticle diffusion 
model because the best removal efficiency was achieved already 


at the begin of the adsorption experiment (see Fig. 5c). However, 
all adsorbents exhibit two or three plots for all studied metals and 
plots do not pass through the origin. 

3.6. Desorption experiments 

Desorption experiments were done by treating metal loaded 
adsorbent materials with 0.01 M HC1. As can be seen in Table 7 
desorption efficiencies are high for all studied adsorbate-adsorbent 
systems. One possible explanation for high desorption efficiencies 
can be formation of chloro-complexes when HC1 reacts with metal 
ions [14], The lowest sorption efficiency (79.4%) was achieved in 
the case of copper desorption from activated carbon residue. In the 
case of carbon residue for all studied metals and activated carbon 
residue for iron and nickel desorption efficiencies are higher than 
100%. This can be explained by the fact that carbon residue as a 
industrial by-product includes many metals such as iron, copper 
and nickel which start also to dissolve to solvent [53], Due to high 
desorption efficiencies for all studied adsorbate-adsorbent systems 
it can be assumed that sorption process is reversible in nature. 

3.7. Adsorption mechanism 

It is quite difficult to evaluate the adsorption mechanism by 
which the Fe(II), Cu(II) and Ni(ll) metal ions are adsorbed onto to 
our samples because formed by-product includes many metals and 
compounds which can affect on adsorption process [53], Accord¬ 
ing to Dias et al. [72] the predominant interactions in the metal 
adsorption process on activated carbon are of electrostatic nature 
because metallic species have small size and they are frequently 
charged in solution. The factors that mainly control the extent of 
adsorption process on activated carbon are (1) the chemistry of the 
metal ion (speciation) or metal ion complex, (2) the solution pH 
and the point of zero charge of the surface, (3) the surface area and 
porosity (narrow and wider microporosity), (4) the surface compo¬ 
sition (oxygen functionality) and (5) the size of adsorbing species. 
According to Ahmaruzzaman [ 1 ] in the case of the various industrial 
adsorbents the adsorption mechanisms can be very complicated 
and appear attributable to electrostatic attraction, ion-exchange, 
adsorption-precipitation, hydrogen bonding, and chemical inter¬ 
action between metal ions and the surface functional groups of the 
various industrial adsorbents. 

Our results showed that the mean free energy E (kj mol -1 ) was 
below 8 kj mol -1 and desorption efficiency was high for all studied 
adsorbate-adsorbent systems. Based on our preliminary IR stud¬ 
ies our samples do not include functional groups. Specific surface 
area, pore size and pore volume are important physical properties 
in adsorption process. Differences in the surface area and porosity 
of particles within a material can affect its performance character¬ 
istics. By chemical activation it is possible to develop the porosity of 
adsorbent material (by means of dehydratation and degradation). 
Due to the chemical activation zinc chloride activated carbon can 


Table 7 

Adsorption and desorption data for Fe(II), Cu(II) and Ni(II) onto different types of adsorbents. 
Adsorbent Metal Adsorption, 1 h (mg g 1 ) 

CR Fe 16.8 

Cu 4.2 

Ni 2.4 

ACR Fe 5.9 

Cu 16.5 

Ni 13.8 

AC Fe 3.8 

Cu 3.1 

Ni 2.5 


Desorption, 2 h (mgg- 1 ) 
19.7 

4.8 
3.7 
7.2 

13.1 

15.0 

3.6 

2.9 

2.7 


Desorption efficiency, 2 h (%) 


117.3 

114.3 
154.2 
122.0 

79.4 


94.7 

93.5 

108.0 


CR: carbon residue, ACR: activated carbon residue, AC: commercial activated carbon. 
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be more effective adsorbent material than carbon residue and com¬ 
mercial activated carbon for removal of metal ions. According to 
the results it can be assumed that sorption process is physical and 
reversible in nature and could be based on the porosity of material. 
In our studies especially in the case of carbon residue it is obvious 
that metal removal is based on metal precipitation as hydroxides 
in addition of adsorption. It is also worth mentioning that from the 
utilization point of view it is insignificant if the metal removal occur 
via adsorption or via precipitation. 

4. Conclusions 

The results from the present study exhibit the potential of car¬ 
bon residue for iron, copper and nickel removal from aqueous 
solutions. The optimum pH required for maximum adsorption was 
found to be 4, 5 and 8, for iron, copper and nickel, respectively. 
The maximum sorption capacities ( q m ,exp ) for iron, copper and 
nickel by activated carbon residue were 20.5,23.1 and 18.2 mgg -1 , 
respectively at room temperature. Corresponding values without 
activation were (Fe(II): 24.1, Cu(Il): 11.1 and Ni: 5.6 mgg -1 ) at room 
temperature. Especially the activated (ZnCl 2 ) carbon residue but 
also the carbon residue without activation showed better removal 
efficiency for iron, copper and nickel than commercial activated 
carbon at the concentration range of25-125 mg L -1 . The maximum 
sorption capacity of commercial activated carbon for iron, copper 
and nickel were 13.9, 5.1 and 2.9mgg -1 , respectively. Sorption 
kinetics followed the pseudo-second-order kinetic model whilst 
the Weber and Morris intraparticle diffusion model showed that 
the sorption mechanism included two or three different steps 
depending on adsorbate. Adsorption isotherm studies indicated 
that Langmuir model fitted well for iron, copper and nickel adsorp¬ 
tion onto activated carbon residue. Results indicate that the carbon 
residue with and without chemical activation is an efficient adsor¬ 
bent and thus carbon residues formed in the gasification process 
could be utilized in wastewater treatment. 
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